Liquid-crystalline phases of cholesterol/lipid bilayers as revealed by the fluorescence of trans-parinaric acid  by Reyes Mateo, C. et al.
978 Biophysical Joumal Volume 68 March 1995 978-987
Liquid-Crystalline Phases of Cholesterol/Lipid Bilayers as Revealed by
the Fluorescence of trans-Parinaric Acid
C. Reyes Mateo,* A. Ulises Acufia,* and Jean-Claude Brochon*
·Instituto de Quimica-Fisica "Rocasolano," CSIC, E-28006 Madrid, Spain, and *Laboratoire de Biochimie Moleculaire et Cellulaire, URA
1131 CNRS, Universite Paris Sud, F-91405 Orsay, France
ABSTRACT The presence of two liquid-crystalline phases, a and (3, in mixed bilayers of dimyristoylphosphatidylcholinel
cholesterol was detected by the changes in the distribution of the fluorescence lifetimes of t-PnA, as analyzed by the Maximum
Entropy Method. The formation of the liquid-ordered (3-phase, in the 3~0°C temperature range as a function of cholesterol
concentration (~O mol%), could be related quantitatively to the relative amplitude of a long lifetime component of the probe
(10-14 ns). Based on this evidence, the phase behavior of mixtures of the unsaturated lipid palmitoyloleoylphosphatidylcholine
and cholesterol was determined using the same technique, for cholesterol concentrations in the 0-50 mol% range, between
10 and 40°C. It was found that two liquid-crystalline phases are also formed in this system, with physical properties reminiscent
of the a- and (3-phases formed with saturated lipids. However, in this case it was determined that, for temperatures in the
physiological range, the a- and (3-phases coexist up to 40 mol% cholesterol. This finding may be of significant biological
relevance, because it supports the long held notion that cholesterol is responsible for the lipid packing heterogeneity of several
natural membranes rich in unsaturated lipid components.
INTRODUCTION
Cholesterol is an important constituent of the lipid bilayer of
plasma membranes of eukaryotic cells, and its role in modu-
lating the physical properties of the bilayer has been the sub-
ject of intense investigation over the past two decades. Many
of these studies have been carried out in phospholipid:cho-
lesterol model systems using several physical methods such
as 2H-NMR spectroscopy (Vist and Davis, 1990; Thewalt
and Bloom, 1992; Reinl et aI., 1992; Linseisen et aI., 1993),
EPR (Recktenwald and McConnell, 1981; Pasenkiewicz-
Gierula et aI., 1990; Sankaram and Thompson, 1990, 1991),
stationary and time-resolved fluorescence spectroscopy
(Lentz et aI., 1980; Gallay and Vincent, 1986; Schroeder
et aI., 1990; Almeida et aI., 1992; Parasassi et aI., 1994),
neutron scattering (Mortensen et aI., 1988) and DSC (Mabrey
et aI., 1978; Vist and Davis, 1990), as well as theoretical
approaches (Ipsen et aI., 1987, 1990; Scott, 1991). From
these efforts, it has been established to a reasonable degree
of certainty that mixtures of cholesterol and saturated phos-
pholipids, such as dipalmitoylphosphatidylcholine (DPPC)
and dimyristoylphosphatidylcholine (DMPC), produce two
temperature-dependent liquid-crystalline phases that coexist
for cholesterol concentrations of 10 to 25-30 mol%: a liquid-
disordered (a)-phase and a liquid-ordered (J3)-phase (Fig. 1,
after Almeida et aI., 1992). At higher cholesterol concen-
trations, the structure of the bilayer corresponds to that of the
J3-phase over a large temperature range. The J3-phase is char-
acterized by rather unique properties such as, e.g., a highly
ordered distribution of lipids that, in contrast, exhibit fast-
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translational and rotational mobility (Bloom et aI., 1991).
Because most plasma membranes contain cholesterol at a
concentration higher than 30 mol%, it has been proposed that
the J3-phase would be a good model of the state of bulk lipid
in natural plasma membranes.
A majority of the hydrocarbon chains in the membranes
of eukaryotic cells have a varying degree of unsaturation.
Therefore, model bilayers made up of mixtures ofcholesterol
and unsaturated phospholipids (such as palmitoylo-
leoylphosphatidylcholine (POPC), for instance) should pro-
vide a closer analog to the natural system than those with
saturated lipids. However, there are few previous studies on
the phase properties of such mixtures. Recently, Thewalt and
Bloom (1992) and Linseisen et ai. (1993) have investigated
mixtures of POPC/cholesterol and stearoylelaidoylphos-
phatidylcholine (SEPC)/cholesterol, respectively, using 2H_
NMR techniques and obtained partial phase diagrams that
describe in detail phase boundaries for temperatures below
the transition temperature Tm• Because above Tm the lipid
exchange between a- and J3-phases is too fast for the NMR
time scale (Bloom et aI., 1991), the phase boundaries in this
range of temperatures could not been determined.
The emission from fluorescent bilayer probes occurs over
picoseconds to fractions of microseconds after excitation. In
this time range, the fluorescent probe does not exchange ap-
preciably between the different lipid phases, and it is possible
to record, simultaneously, the fluorescent signals corre-
sponding to each different probe population. What is needed,
as noted by Ruggiero and Hudson (1989a), is a fluorescent
probe whose spectral properties depend on the structural dif-
ferences between the coexisting regions. Many of the pho-
tophysical parameters of the natural fluorescent lipid trans-
parinaric acid (t-PnA) are very sensitive to the local density
of the lipid bilayers (Sklar et aI., 1977; Hudson and Cavalier,
1988; Ruggiero and Hudson, 1989a). More specifically,
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MATERIALS AND METHODS
The analysis of the total fluorescence intensity I(t) was per-
formed by the Maximum Entropy Method (MEM) (Livesey
and Brochon, 1987; Brochon et aI., 1992; Brochon, 1994).
The parallel Iw(t) and perpendicular Ivh(t) polarized com-
ponents of the fluorescence intensity at time t after the start
of the excitation are
DATA ANALYSIS
vesicles by pressure extrusion through Nucleopore fIlters with l00-om pore
size (Hope et al., 1985). The dried cholesterol-phospholipid mixtures were
prepared by dissolving the weighed components in a small volume of chlo-
roform and evaporating the solvent under a stream of nitrogen. Aliquots of
I-PnA were added from the stock solution directly into the unilamellar
vesicle dispersions bubbled with a stream of nitrogen. The samples were
stirred at temperatures above Tal to enhance the incorporation of probe into
the lipid bilayer. The final molar ratio probe/lipid was 1:100. All of the
samples were prepared immediately before the spectroscopic experiments.
Steady-state fluorescence anisotropy measurements were made on an
SLM 8000 spectrofluoropolarimeter (Urbana, IL) with T-formal. The time-
resolved total fluorescence intensity and the fluorescence anisotropy decay
were obtained from the two polarized components Ivv(l) and lvb(l) recorded
by the time-correlated, single-photon counting technique. The excitation
light pulse source was the synchrotron radiation emitted by the LURE
positron storage ring at Orsay operating at a frequency of 8.33 MHz in the
two-bunch mode. The storage ring provides light pulses with a full width
at half-maximum (FWHM) of ....500 ps. Jobin-Yvon H25 monochromators
were used to select the vertically polarized excitation wavelength, at 304 and
322 nm (dA = 6 nm) and the emission wavelength at 405 nm (dA = 6 nm).
The detector was a Hamamatsu RI564U microchannel plate. The instrument
response function was measured for the two polarized components with a
scattering silica suspension at the emission wavelength. The decay curves
were stored in 2048 channels, with channel widths of 26 or 46 ps. The
experimental setup is described in detail elsewhere (Brochon et aI., 1993).
Iw(~ (1)
~ ~E,(t) * [{h(T)' eO"dT(1 +2{P(8)e"'.d9)]
Ivh(t) (2)
~ ~E,(t) * [{h(T) eO'hd{ - {P(9)eo~d9)J
where E).(t) is the temporal shape of the excitation flash, * de-
notes a convolution product, and h(T) and p(8) are the distri-
bution functions of the fluorescence lifetimes and the rotational
correlation times, respectively. The h(T) profile is obtained from
the analysis of the total fluorescence intensity I(t):
I(t) = Iw(t) + 2 . Ivb(t) = E).(t) * I,"'h(T)' e-/IT dT, (3)
One hundred lifetime values, from 0.1 to 100 ns and equally
spaced on a logarithmic scale, were used for the analysis ofh(T).
The fluorescence anisotropy decay, r(t), was analyzed
using a Marquardt nonlinear least-squares search, by fitting
simultaneously the horizontal and vertical polarized fluo-
rescence decay traces (Gilbert, 1983; Cross and Fleming,
1984). In lipid systems where different microenvironments
coexist, the fluorescence anisotropy data were fit to an
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Irans·Parinaric acid, t-PnA, from Molecular Probes (Junction City, OR),
was checked by both absorption and emission spectroscopy and by HPLC.
DMPC was obtained from Serdary (London, Ontario, Canada), POPC and
cholesterol from Sigma Chemical Co. (St Louis, MO). All lipids were used
without further purification. A stock solution of I-PnA in ethanol, bubbled
with nitrogen, was stored in the dark at -20°C until use.
Multilamellar lipid vesicles were prepared by resuspending the appro-
priate amounts of dried lipid in phosphate buffer (pH 7), the suspension then
being heated above the phase transition temperature and vortexed. LUV,
with a mean diameter of 90 om, were prepared from these multilamellar
Hudson et al. (1986) have remarked that the addition of cho-
lesterol to phospholipid bilayers increases the amplitude of
the t-PnA long lifetime component. Recently, we used this
probe to investigate the occurrence of domains in synthetic
lipid bilayers (Mateo et aI., 1993a). In that work, it was
shown that, from a combined study of t-PnA lifetime dis-
tribution patterns, rotational relaxation rates and order pa-
rameters, it is possible to obtain semiquantitative estimates
of the presence in lipid bilayers of discrete domains with
characteristic order and fluidity. In the present work, we used
the same spectroscopic analysis with a dual purpose. First,
we wanted to determine to what extent this fluorescence
probe technique can be of use in revealing the formation and
structure of the cholesterol-dependent J3-phase. This was car-
ried out by investigating the photophysics of t-PnA in large
unilamellar vesicles (LUV) made up with mixtures of
DMPC/cholesterol, in which the relative amount of a- and
J3-phases is already known from previous independent in-
formation (Fig. 1). In the second part of this work, we applied
this analysis of the dynamics of t-PnA fluorescence to similar
experimental measurements made on LUV made up with
POPC/cholesterol and thereby demonstrated that the pres-
ence of cholesterol also induces the formation of a J3-phase
in the unsaturated phospholipid above the Tm•
FIGURE 1 DMPC/cholesterol equilibrium phase diagram. (""*-) From
Almeida et al. (1992). (e) From the t-PnA fluorescence lifetime, with a
probe partition coefficient. K~o = 1.8 ± 0.8 (see text for details).
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plify the analysis, although its value should be close to 20°
(Shang et aI., 1991).
RESULTS
DMPC/cholesterol bilayers
The steady-state anisotropy (r) of t-PnA in lipid bilayers
made up of DMPC with cholesterol concentrations ranging
from 0 to 50 mol% was determined at 22, 25, 30, 35, and
40°C (Fig. 2). The curves present a sigmoidal shape above
the Tm value (24°C), tending to a plateau for cholesterol con-
tents higher than 30 mol%. The oscillatory form of the mea-
surements at 25°C is due to the complex interplay between
lifetimes and anisotropy of the probe in situations where lipid
heterogeneity is maximized.
The fluorescence intensity decay of t-PnA in mixtures of
DMPC and cholesterol was measured over the temperature
range of 28-40°C. In pure DMPC, the emission shows a
bimodal distribution of lifetimes, as described previously
(Mateo et aI., 1993a). This pattern is drastically modified
with increasing cholesterol concentration (Fig. 3 and Table
1; note that the tabulated data are averages of at least five
experiments, whereas the figure presents a typical single set
of lifetime distributions). At 5 mol% cholesterol, the bimodal
lifetime distribution is still very similar to that observed in
pure DMPC. However, from 10 to 30 mol% cholesterol, a
new long lifetime component is observed (7"3 = 10-14 ns),
with a relative amplitude that depends on the cholesterol
concentration and temperature (Fig. 3). At cholesterol levels
greater 30 mol%, the amplitude of 7"3 becomes maximal and
the only effect of a further temperature increase is a shift of
the three sets of lifetimes to shorter values (Table 2).
The anisotropy decay of t-PnA in DMPC/cholesterol mix-
tures was recorded at 30, 35, and 40°C. At low and high
(4)
where
"associative" model (Ludescher et al., 1987; Ruggiero et aI.,
1989b; Mateo et aI., 1993a) in which the lifetime parameters
of the total intensity decay are specifically associated with
individual anisotropy parameters. In this model, the overall
r(t) is approximated as due to the presence of two probe
populations, which are characterized by specific fluores-
cence, la(t) and lit) (Ia(O) = IfJ(O) = 1), and anisotropy,
ra(t) and rfJ(t), decays, respectively. The fluorescence decay
for each probe population is described by a sum of expo-
nentials. Each individual anisotropy decay is defined by a
single rotational correlation time eand a residual anisotropy
r"'. A common value for the anisotropy at time zero r(0) is
assumed which, in this case, is taken as an adjustable pa-
rameter in the fitting (Ruggiero and Hudson, 1989b). The
decay of the total anisotropy is a linear combination of the
anisotropy functions of the two populations of the probe:
fa(t)= af3 . 1f3(t) + aa . la(t)
are the time-dependent fractions of the total fluorescence I(t)
contributed by the probe populations afJ and aa localized in
the environments f3 and a, respectively.
The fraction of the f3-phase, XfJ, in the bilayer can be quan-
tified from the expression
XfJ /X f3KfJ!a =~ (Xa + XfJ = 1) (5)
p X~/Xa
where K~/a is the partition coefficient of the probe between
the f3- and a-phases, with probe concentrations defined on
a mole/mole lipid basis (Sklar et aI., 1980), and X~ and
X~ are the fractions of probe localized in each environment,
respectively. These fractions can be estimated from the am-
plitudes of the total fluorescence decay (Mateo et aI., 1993a)
if the radiative rate constants and extinction coefficients of
the probe are known or remain the same in both phases.
The average order parameter (P2) of an elongated fluo-
rescent probe with cylindrical symmetry (absorption and
emission transition moments assumed parallel) for which the
equilibrium angular distribution function is preserved when
the molecules are pumped to the emitting state (Naqvi, 1981)
is related to the residual anisotropy r", in such macroscopi-
cally nonoriented vesicles systems by
khol
0.600.400.20
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0.00
FIGURE 2 The steady-state anisotropy (r) of t-PnA in DMPC/cholesterol
mixtures at 22°C (.A.), 25°C (e), 30°C (0), 35°C (L'», and 40°C <-> as a
function of cholesterol concentration.
(6)
where Picos e) is the second-order Legendre polynomial for
the angle ebetween the transition moments and the unique
(long) inertial axis of the probe.
In this work, a value of ro = 0.390 (Hudson et aI., 1989)
was used for t-PnA, and the angle ewas taken as 0° to sim-
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TABLE 1 Fluorescence intensity decay parameters of t-PnA
In DMPC/cholesterol mixtures, recovered by MEM
11
8
7
8
10
10
9
9
12
12
11
12
13
14
14
0.02
0.19
0.27
0.61
0.79
0.05
0.24
0.40
0.54
0.72
0.22
0.39
0.46
0.73
0.77
5.5
5.9
5.4
5.6
5.8
4.5
3.2
4.1
4.4
5.0
4.7
4.4
6.1
4.3
3.5
4.1
4.4
4.6
3.8
3.1
3.7
0.62
0.68
0.57
0.44
0.29
0.20
0.11
0.62
0.70
0.67
0.53
0.34
0.30
0.13
0.69
0.68
0.69
0.56
0.51
0.25
0.12
1.4
1.6
1.4
1.5
1.5
0.9
1.2
1.1
1.1
1.6
1.1
1.1
1.4
1.4
1.1
1.2
1.4
1.4
1.1
1.2
1.1
0.38
0.32
0.21
0.17
0.24
0.07
0.12
0.38
0.30
0.28
0.23
0.26
0.16
0.15
0.29
0.32
0.29
0.25
0.22
0.14
0.09
T
CC)
Xcbol
0.0
0.05
0.10
0.15
0.20
0.30
0.40
0.0
0.05
0.10
0.15
0.20
0.30
0.40
0.0
0.05
0.10
0.15
0.20
0.30
0.40
40
35
30
Xcbol
Ci and "Tj are the integrated relative amplitude and barycenter value of each
lifetime class, respectively.
Average values from at least five runs.
Sample-to-sample deviations: Cj :±: 0.04, "TJ :±: 0.2, "Tz :±: 0.8, "T3 :±: 2.0 ns.
TABLE 2 Fluorescence intensity decay parameters of t-PnA
In DMPC vesicles containing 40 mol% cholesterol as a
function of temperature, recovered by MEM
;~~~I
1 10
, "').!,. 80~ 60~
:: 40
Co
~ 20
o
3
Lifetime (na)
0.4 28
30
32
34
35
37
40
42
44
0.10
0.12
0.09
0.15
0.15
0.14
0.09
0.08
0.12
2.1
1.2
1.5
2.0
1.4
1.4
1.1
1.2
1.2
0.12
0.11
0.15
0.10
0.13
0.14
0.12
0.12
0.11
5.9
3.2
4.9
4.5
4.3
4.3
3.7
3.6
3.2
0.78
0.77
0.76
0.75
0.72
0.72
0.70
0.80
0.77
16
14
14
13
12
12
10
10
9
FIGURE 3 The fluorescence lifetime distribution of t-PnA in DMPC bi-
layers at 30°C as a function of cholesterol concentration, obtained by MEM
analysis.
Ci and "Tj are the integrated relative amplitude and barycenter value of each
lifetime class, respectively.
Average values from at least five runs.
Sample-to-sample deviations: Ci :±: 0.04, "TJ :±: 0.2, "Tz :±: 0.8, "T3 :±: 2.0 ns.
cholesterol concentration, these curves are fairly well de-
scribed by a single correlation time and a residual anisotropy
roo' However, at intermediate cholesterol concentration (Fig.
4), the curves show an increase of the anisotropy at longer
time. For t-PnA this results when the probe exists in different
microenvironments with characteristic individual fluores-
cence decay and diffusional mobility (Ludescher et aI.,
1987). In that case, the experimental decays were analyzed
with the "associative" model described in Materials and
Methods. In its simplest version, the longest lifetime com-
ponent of the fluorescence distribution (Fig. 3) is associated
with the fluorescence decay of the probe in the more ordered
phase (l3-phase), whereas the intermediate and short life-
times are associated with the fluorescence decay of the probe
in the a-phase. The anisotropy parameters obtained from this
analysis are given in Table 3.
POPe/cholesterol bilayers
The fluorescence excitation and emission spectra of t-PnA in
POPC/cholesterol mixed bilayers were recorded at 20°C as
a function ofcholesterol concentration from 5 to 40% M. The
emission spectrum remained unchanged in this range of cho-
lesterol concentration, whereas the excitation spectrum
shifted to the red by 1.5 nm when the cholesterol content was
increased from 5 up to 40 mol% (data not shown).
The steady-state anisotropy (r) of t-PnA incorporated
in the POPC/cholesterol mixtures was determined above
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FIGURE 4 A representative decay of the fluorescence anisotropy of
t-PnA in large unilamellar vesicles of DMPC for two different values of the 0.080.00 0.20 0.40 0.60
cholesterol concentration at 30°C.
lchol
TABLE 3 AnIsotropy parameters from the associative model FIGURE 5 The steady-state anisotropy (r) of t-PnA in POPC/cholesterol
applied to the fluorescence anisotropy decay of t-PnA In mixtures at 10°C (e), 20°C (0), 30°C (A.), and 40°C (l'.) as a function of
DMPC/cholesterol mixtures cholesterol concentration.
T 8" fI3
CC) Xchol (ns) r~ (ns) r~ r(0) shorter lifetime into two components, as previously observed
30 0.0 1.2 0.14 0.29 (Mateo et aI., 1993a, b). As in the case of DMPC, the dis-
0.05 0.6 0.15 0.34 tribution of the probe fluorescence lifetimes is very sensitive0.10 0.6 0.15 1.6 0.22 0.33
0.15 0.4 0.16 1.4 0.24 0.34 to the presence of cholesterol (Fig. 6). At a specific choles-
0.20 0.1 0.18 0.4 0.26 0.40 terol concentration, a new lifetime component (T4) appears0.30 0.4 0.27 0.40
0.40 0.2 0.27 0.40 centered at longer times (1~16 ns). The amplitude of this
35 0.0 1.2 0.11 0.30 component increases with increasing bilayer cholesterol con-
0.05 0.8 0.12 0.29 tent or with decreasing temperature (Table 4).
0.10 0.9 0.12 0.7 0.16 0.40 The fluorescence anisotropy decay of t-PnA in the POPCI
0.15 0.6 0.15 0.7 0.21 0.35
cholesterol mixtures was recorded at 10, 20, 30, and 40°C as0.20 0.2 0.17 0.1 0.23 0.40
0.30 0.6 0.18 0.7 0.25 0.38 a function of cholesterol concentration. In this temperature
0.40 0.1 0.26 0.40 range, the anisotropy decays in the subnanosecond range to
40 0.0 1.2 0.07 0.27 a residual value rOO' As in the case of DMPC, in the range of
0.05 0.9 0.08 0.26 temperatures and cholesterol concentration where the fluo-0.10 0.7 0.13 0.32
0.15 0.7 0.12 0.2 0.18 0.31 rescence lifetime distribution showed a long lifetime com-
0.20 0.3 0.15 0.1 0.20 0.40 ponent (see Table 4), the anisotropy decay was analyzed with
0.30 0.4 0.18 0.1 0.23 0.35
0.40 0.1 0.24 0.33 the simplest approximation of the "associative" model with
Average values from at least five runs. two independent probe populations. The residual anisotro-
Sample-to-sample deviations: ei :t 0.2 ns, r~ :t 0.01. pies, r~ and r~, determined from this analysis are included
in Table S together with the X2 values of the fits.
Tm (Tm = -SoC) as a function of cholesterol concentration
(Fig. S). As in the case of DMPC, the isotherms show a
sigmoidal shape, here with slope changes at =S and 40 mol%
cholesterol. At temperatures higher than 30°C, the discon-
tinuities in the slope become less noticeable.
The decay of the fluorescence intensity of t-PnA in POPCI
cholesterol mixtures was measured as a function of tem-
perature from 10 to 40°C for samples with a cholesterol con-
centration ranging from 0 to SO mol%. The corresponding
lifetime distributions and fit parameters are shown in Fig. 6
and Table 4. In pure POPC and for a cholesterol concen-
tration =5S%, the curves are well described by two lifetime
components at temperatures above 20°e. At the lower tem-
peratures, the statistics of the fit is improved by splitting the
DISCUSSION
DMPC/cholesterol
In a previous related work, the kinetic parameters of the
fluorescence decay of t-PnA (lifetimes and amplitudes) could
be correlated with the phase composition of mixed bilayers
of two saturated phospholipids DMPC/DPPC (Mateo et aI.,
1993a). The changes induced by temperature in the relative
amount of the gel phase, as read from the phase diagram
determined by differential scanning calorimetry (Mabrey and
Sturtevant, 1976), corresponded closely to similar changes
observed in the amplitude of the longest lifetime component
of the probe fluorescence. Moreover, with the value of the
gel/fluid partition coefficient of t-PnA (K~IF = S ± 2 (Sklar
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14
15
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13
13
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13:1:3
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0.06
0.11
0.36
0.72
0.01
0.08
0.24
0.40
0.45
0.50
0.65
0.03
0.05
0.18
0.35
0.46
0.02
0.16
0.39
0.47
0.54
0.66
0.62
0.34
0.50
0.60
0.31
0.34
0.53
0.59
0.69 9.1
0.33 7.5
0.39 8.8
0.32 7.5
0.25 7.4
0.54 7.4
0.45 9.1
0.39 8.1
0.34 7.1
0.25 7.1
0.55 6.1
0.54 7.4
0.54 7.6
0.41 7.7
0.37 7.1
0.24 6.8
0.33 6.0
0.20 6.5
0.18 6.1
0.63 3.8
0.66 4.4
0.69 4.7
0.54 5.0
0.46 5.6
0.33 5.5
0.23 5.8
0.17 6.3
0.68 3.6
0.74 4.3
0.81 4.7
0.56 5.0
0.42 4.6
0.16 4.6
0.75 2.9
0.63 3.1
0.65 3.2
0.67 4.5
0.59 5.5
0.67 4.7
0.47 5.2
0.41 7.4
0.18 2.9
0.04 3.0
0.05 2.1
0.15 1.8
0.11 2.3
0.21 1.9
0.22 3.2
0.26 2.6
0.23 3.1
0.05 3.2
0.06 3.2
0.20 3.2
0.16 3.7
0.15 4.1
0.11 1.9
0.27 2.0
0.34 4.9
0.15 3.3
'T,
Xchol C, (ns)
0.0 0.11 1.1
0.05 0.20 1.1
0.10 0.12 1.2
0.15 0.15 1.7
0.20 0.05 0.6
0.0 0.19 0.8
0.05 0.20 1.3
0.10 0.12 0.6
0.20 0.16 1.9
0.36 0.15 1.1
0.0 0.24 0.8
0.05 0.24 0.9
0.10 0.18 0.8
0.15 0.20 1.3
0.20 0.19 1.7
0.30 0.23 1.1
0.36 0.13 1.6
0.44 0.14 1.1
0.50 0.09 0.5
0.0 0.37 1.1
0.05 0.34 0.9
0.10 0.23 1.1
0.20 0.22 1.1
0.30 0.14 1.3
0.36 0.24 1.0
0.44 0.27 0.6
0.50 0.13 0.7
0.0 0.32 1.1
0.10 0.26 1.1
0.15 0.13 1.7
0.20 0.18 0.9
0.36 0.22 1.2
0.50 0.12 1.4
0.0 0.25 1.2
0.05 0.37 0.9
0.10 0.35 0.9
0.20 0.30 1.3
0.30 0.18 0.7
0.36 0.15 1.5
0.44 0.18 1.2
0.50 0.09 1.2
40
35
20
30
15
10
T
CC)
Cj and 'Ti are the integrated relative amplitude and barycenter value of each
lifetime class, respectively.
Average values from at least five runs.
Sample-to-sample deviations: C j :1: 0.04, 'T, :1: 0.2, 'T2 :1: 1.0, 'T3 :1: 2.0,
'T, :1: 3.0 ns.
to the concentration of the probe in the l3-phase (see
Materials and Methods). In this way, we obtained a value of
K~a = 1.8 ± 0.8, which is significantly lower than the one
determined for the partition between gel and fluid phases
(K~IF = 5 ± 2). This is consistent with a structure of the
l3-phase much more disordered than a typical gel-phase. Fur-
ther insight into the physical properties of the a- and
l3-phases could be obtained from the fluorescence anisotropy
experiments. As was mentioned above, the decay of the
t-PnA fluorescence anisotropy can be analyzed by an "as-
sociative" model in which it is assumed that the probe mol-
ecules contained in the l3-phase display the long lifetime
component ('T3) only, being the two remaining shorter life-
times (7"1 and 7"2) associated with the probe population
dissolved in the a-phase. The distribution of the probe life-
TABLE 4 Fluorescence intensity decay parameters of t-PnA
In POPe/cholesterol mixtures, recovered by MEM~\
,
Lifetime (n.)
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80
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c
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FIGURE 6 The fluorescence lifetime distribution of t-PnA in pope at
300 e as a function of cholesterol concentration, obtained by MEM analysis.
et al., 1979; Sklar, 1980; Hudson et al., 1986» and the above
correlation between the long lifetime component and the gel
phase, it was possible to derive a crude fluorescence version
of the DMPC/DPPC thermal phase diagram.
In the case of the DMPC/cholesterol mixed bilayers stud-
ied here, the data of Table 3 and Fig. 3 show that there is a
good correlation between the amount of l3-phase and the
amplitude of the long fluorescence lifetime component of
t-PnA. For this particular lipid, the 10- to 14-ns lifetime com-
ponent is first detected for cholesterol concentrations close
to 10 mol%. It is interesting to note that Hudson et al. (1986)
already reported the appearance of a t-PnA long lifetime
component for cholesterol concentrations of 10-15 mol% in
egg PC vesicles. Because the relative concentration of the a-
and l3-phases in the mixtures of DMPC/cholesterol is known
(Fig. 1), it is possible to estimate the partition coefficient of
t-PnA between the two fluid phases (K~/a) by assuming that
the amplitude of the long lifetime component is proportional
"
".~
Q.
E
c
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librium range. This value is clearly higher than that of the
a-phase (indicating important restrictions to the rotational
mobility of the fluorescent probe) but lower than that re-
corded in a typical gel phase ofa saturated lipid (0.95 for pure
DMPC gel phase). When only the l3-phase is present, (P2)f3
shows a modest increase with cholesterol content.
It has been shown that the photophysical parameters of
t-PnA are also sensitive to transient changes in the packing
density of the bilayer lipids, with persistence times of tens
of ns (Ruggiero and Hudson, 1989a). Fluctuations of this
kind should also contribute to the experimental measure-
ments presented above. Nevertheless, these data show quite con-
vincingly that the fluorescence and anisotropy parameters of this
probe can be of use in detecting and characterizing the a- and
,B-phases induced by cholesterol in the bilayer.
FIGURE 7 The order parameters of t-PnA in the ex (e)- and J3 (A)-phase
of large unilamellar vesicles of DMPC at 30·C, as derived from the asso-
ciative model.
The maximum entropy analysis of the t-PnA fluorescence
lifetime in pure POPC bilayers shows an apparent bimodal
distribution, with a broad peak centered at = 1 ns (Fig. 6). The
lifetime analysis at T < 30°C yields (Table 4) two fast com-
ponents, with lifetimes of =1 and 2 ns, and a third medium
one (6 ± 2 ns). This splitting of a single fast lifetime into two
is also observed occasionally at higher temperatures and
shows the physical limits of the numerical model used to
analyze the decay curves. On the other hand, from the data
in Table 4, it can be seen that the appearance of a long life-
time component (-T4 = 10-16 ns) is closely related to the
cholesterol concentration of the bilayer. The amplitude of
this component increases with the cholesterol molar fraction
(Fig. 6) and is not correlated with the splitting of the short
lifetime just discussed. Based on the experiments carried out
in the mixed DMPC/cholesterol bilayer, this long lifetime
can safely be assigned to the presence of a similar l3-phase
times as shown, for example, in Fig. 3 indicates that this is
not completely correct, because at 40 mol% cholesterol short
lifetime components can still be detected, even though the
lipid system should be exclusively l3-phase (Fig. 1). Nev-
ertheless, the relative weight of the faster components is very
small and, in addition, model calculations show that the main
conclusions of this work would not be changed by using a
much more complex associative model. In this way, the ro-
tational correlation times (8) and residual anisotropies (roo) of
the probe in the a- and l3-phases in Table 3 were obtained.
The 8 values are in the limit of the resolution of the experi-
mental technique and, considering the approximations in-
volved, will not be discussed further. The order parameters
of the probe in the two phases, (P2)O,f3, computed from the
roo values, are shown in Fig. 7 for a constant temperature
(T = 30°C) as a function of the cholesterol concentration.
Considering the above noted limitations of the technique,
there is a remarkable agreement between the values of these
parameters and the expected equilibrium phase changes of
the lipid mixture. Thus, the value of (P2)O, which is virtually
the same as that in the fluid phase of pure DMPC, remains
almost unchanged (0.65 ± 0.05) up to 20 mol% cholesterol.
Moreover, at 30% cholesterol only a single order parameter,
(P2)f3, is recovered, as would be expected from the single
phase composition shown in Fig. 1. The (P2)f3 value remains
also relatively constant around 0.75 ± 0.05 within the equi-
TABLE 5 Residual anisotroples r~ from the associative
model applied to the fluorescence anisotropy decay of t-PnA
In POPe/cholesterol mixtures, together with the X'- values
obtained for each fit
T
("C) Xchol r~ r~ r(0) >I-
10 0.0 0.10 0.28 1.10
0.05 0.10 0.12 0.28 1.12
0.10 0.10 0.16 0.28 1.19
0.15 0.12 0.18 0.28 1.10
0.20 0.14 0.20 0.29 0.99
20 0.0 0.07 0.27 1.08
0.05 0.09 0.27 0.94
0.10 0.11 0.15 0.33 1.02
0.15 0.13 0.15 0.34 0.98
0.20 0.13 0.18 0.30 0.91
0.30 0.11 0.20 0.31 0.93
0.40 0.23 0.34 1.03
0.50 0.24 0.30 0.99
30 0.0 0.07 0.28 1.38
0.05 0.08 0.29 1.19
0.10 0.10 0.13 0.29 1.02
0.20 0.13 0.16 0.30 0.91
0.30 0.14 0.18 0.30 0.93
0.40 0.16 0.22 0.31 1.03
0.50 0.24 0.30 0.98
40 0.0 0.05 0.28 1.08
0.05 0.07 0.28 1.09
0.10 0.09 0.29 0.92
0.20 0.11 0.15 0.27 0.78
0.30 0.13 0.17 0.32 0.78
0.40 0.16 0.20 0.30 0.96
0.50 0.23 0.32 0.98
Average values from at least five runs.
Sample-to-sample deviations: r~ ± 0.01.
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description of the mixed bilayers. According to that, the re-
sidual anisotropies and the corresponding order parameters
for the probe in both phases, (p2)a,fJ, were computed, as de-
scribed above, as a function of cholesterol concentration at
30°C (Table 5 and Fig. 9). In the range of concentration
where both phases coexist (10-40 mol% cholesterol), the two
order parameters exhibit average values of (P2)a = 0.55 :t
0.05 and (P2)fJ = 0.70 :t 0.06, but present (Fig. 9) a sys-
tematic upward drift, probably due to the limitations of the
simple associative model used here. Nevertheless, it can be
seen that (P2)fJ is significantly lower than in the DMPC/
1.00 r---t---r---.----r-r-.,.-----,
XChol
0.80
FIGURE 8 The distribution of the a- and f3-phases in the POPCI
cholesterol system determined from the t-PnA lifetime analysis.
FIGURE 9 The order parameters of t-PnA in the a (e)- and f3 (")-phase
of large unilamellar vesicles of POPC at 30·C, as derived from the asso-
ciative model.
above the transition temperature of POPC in the POPC/
cholesterol bilayer. The onset of formation of the J3-phase at
30°C takes place at 5-10 mol% cholesterol, both in DMPC
and in POPC (Fig. 6). As a first approximation here too, one
may also assign the intermediate (6 :t 2 ns) and fast (=1 ns)
lifetime components to the a-phase. As in the case of DMPC/
cholesterol mixtures, this is not a strictly correct procedure
(see, e.g., Fig. 6), but other more accurate alternatives would
increase the complexity of the model considerably without
a corresponding gain in physical insight. Based on that
simple assignment, we prepared bilayers that contained only
a-phase or J3-phase, by selecting the cholesterol concentra-
tion and temperature (a-phase: 5 mol% cholesterol, J3-phase:
40 mol% cholesterol and 20°e) to determine the partition
coefficient of t-PnA between the aqueous phase and each of
the lipid phases, namely, K~ and K~, following Sklar et al.
(1979). The numerical values of these coefficients derived
from fluorescence titration experiments (Sklar et al., 1980)
are K~ = (3.5 :t 1.0) X 106 and K~ = (2.8 :t 1.0) X 106•
Thus, the partition coefficient of the fluorescent probe be-
tween the 13- and a-phases of the POPC/cholesterol bilayer
should be K~/a = 0.8 :t 0.5, that is, there is little preferential
solubility (if any) between the two phases.
In the previous discussion of DMPC/cholesterol bilayers,
it was shown that, by combining the changes observed in the
amplitude of the probe long lifetime component with the
relative concentration of the a- and J3-phases, as derived
from the calorimetric phase diagram, it is possible to obtain
an estimation of the probe partition coefficient between the
two phases. In the case of POPC/cholesterol bilayers, one
may use the same conceptual approach but in the reverse
direction, to obtain the temperature/concentration relation-
ship ofthe a- and J3-phases from the changes in the amplitude
of the probe long lifetime component, and the K~/a value
(0.8 :t 0.5) determined independently from fluorimetric ti-
tration. This is shown in Fig. 8 in the form of a thermal phase
diagram, and it is interesting to note that its global features
are similar to those of the DMPC/cholesterol phase diagram
(Fig. 1). However, there is a very important difference in the
location of a+J3 phase boundaries, because in the POPC/
cholesterol system at physiological temperatures both phases
coexist well above 30% molar cholesterol. This finding may
have biological relevance because, as indicated previously,
unsaturated phospholipids form a major component of cell
membranes. Moreover, it gives indirect support to the pro-
posal that cholesterol may be an important, perhaps the ma-
jor, factor responsible for the formation of heterogeneous
lipid domains in some biological membranes (Gordon et al.,
1984; Mateo et al., 1991).
Additional insight into the properties of the a- and
J3-phases in this bilayer can be obtained from the decay of
the probe fluorescence anisotropy. In the case of POPC/
cholesterol bilayers, there is no rising anisotropy at long
times as was observed in DMPC/cholesterol mixtures. How-
ever, because the fluorescence lifetime distribution profiles
show the coexistence ofdifferent phases, we propose that the
associative model described before provides a good physical
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cholesterol system, indicating the importance of the struc-
tural distortion introduced in the lipid packing by the cis
double bond of the unsaturated lipid.
CONCLUSIONS
The presence of liquid-disordered (0:)- and a liquid-ordered
(f3)-phases characteristic of bilayers made up from DMPC/
cholesterol can be detected from the changes induced in the
fluorescence lifetimes of the lipophilic probe t-PnA. Spe-
cifically, it is shown that by associating the longest fluores-
cence lifetime with the probe population located in the
f3-phase it is possible to obtain a consistent picture of the
changes in the relative concentration of the two phases as a
function ofcholesterol concentration and temperature. Based
on this property of the fluorescent probe, it could be deter-
mined that bilayers made up from mixtures of POPC/
cholesterol also show the presence of similar 0:- and f3-phases
for certain ranges of cholesterol concentration and tempera-
tures above the POPC transition temperature. Furthermore,
it could be determined that, in the POPC/cholesterol system,
the two liquid-crystalline phases coexist up to 40 mol% cho-
lesterol concentration in the physiological temperature
range. Finally, from the residual anisotropy (or the order
parameter) of the probe in each phase, the effects on long-
range orientational order ofcholesterol and lipid unsaturation
in the lipid bilayer are demonstrated.
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